tensile and biaxial f lexural strength were tested in wet (or moist) and dry conditions. The surface morphology was characterized by scanning electron microscopy. Phase composition was assessed with X-ray diffraction. It was found that the novel experimental cements showed better mechanical properties than the commercially available cements, in all loading scenarios. The highest compressive strength (57.276.5 MPa before drying and 69.576.0 MPa after drying) was found for the experimental brushite cement. This cement also showed the highest wet diametral tensile strength (10.070.8 MPa) and wet biaxial f lexural strength (30.771.8 MPa). It was also the cement that presented the lowest porosity (approx. 12%). The influence of water content was found to depend on cement type, with some cements showing higher mechanical properties after drying and some no difference after drying.
Introduction
Calcium phosphate cements (CPCs) are clinically used as bone void fillers and as complements to hardware in fracture fixation (Larsson and Bauer, 2002) . They are produced by mixing one or more calcium phosphate based powders with a liquid phase to form a paste that sets into a hard cement in a restricted period of time. Different types of CPCs can be obtained depending on the pH of the chemical reaction: when the pH is higher than 4.2, the end product is basic CPC, apatite (such as hydroxyapatite (HA), calcium-deficient hydroxyapatite (CDHA), carbonated apatite); and when the pH is lower than 4.2, the product is acidic CPC, brushite (dicalcium phosphate dihydrate, DCPD) or monetite (dicalcium phosphate anhydrous, DCPA). The precipitation kinetics of monetite are slower than brushite, so brushite is generally formed as the main product when pH is lower than 4.2 (Bohner, 2007 and 2000) . A main, clinically relevant difference between brushite and apatite is the solubility. Brushite is metastable under physiological conditions, and could be resorbed faster than apatite (Vereecke and Lemaître, 1990; Gisep et al., 2003) . However, transformation of brushite to apatite may occur in vivo (Bohner, 2007) .
Since the first commercial CPC products were introduced two decades ago, many more have become available and have showed promising results in terms of bone regeneration, but some issues remain to be solved (Bohner et al., 2005; Bohner, 2010) . Ideally, a bone substitute material should have mechanical properties similar to the host bone. The mechanical properties of CPCs are however generally poor compared to the surrounding bone, in loading scenarios other than compressive. In fact, CPCs are only approved for use in nonload bearing applications or are not used alone in loadbearing applications. Therefore, knowledge of the mechanical properties is important for decisions regarding possible use in certain, well-defined load-bearing scenarios. However, there is a general lack of knowledge on mechanical properties other than compressive strength (CS) for CPCs (Zhang et al., 2014) . In particular, there is no data on the biaxial f lexural properties of commercially available CPCs.
Apatite is the most investigated CPC type, as it has traditionally shown a higher mechanical strength than brushite. However, brushite cements have attracted an increasing interest as they have shown faster setting and resorption than apatite cements in vivo (Bohner et al., 2005) . Also, brushite cements with a strength matching that of apatite cements have recently been reported (Unosson and Engqvist, 2014; Engstrand et al., 2014) , with a maximum wet CS of 91.8 MPa after setting for 24 h. On the other hand, a fast setting apatite cement with good mechanical strength (wet CS around 40 MPa) has also been developed recently, where almost full strength could be achieved in 24 h (Ginebra et al., 2004) .
The aim of this study was to evaluate and compare the mechanical properties of the above recently developed cutting-edge experimental CPCs, i.e. the strong brushite cement and the fast setting apatite cement, with two commercially available brushite and apatite based cements, chronOS ™ Inject and Norian s SRS s , respectively. chronOS ™ Inject is a brushite based bone mineral substitute with low mechanical strength, similar to the lower range of cancellous bone (Donaldson and Wright, 2011) . Norian s SRS s is a fastsetting apatite bone mineral substitute. It forms a low crystalline order and a small grain size carbonated apatite similar to the mineral phase of bone in comparison to sintered HA (Yetkinler et al., 1999) . CPCs are exposed to body fluids in vivo. However, the mechanical properties of the cements are often determined experimentally using dry specimens (Koh et al., 2015; Ajaxon and Persson, 2016) . The water-saturation state is however a significant factor which could affect the mechanical properties of CPCs (Zhang et al., 2014; Pittet and Lemaître, 2000) . In this study, the compressive, diametral tensile and biaxial f lexural strength of experimental and commercial CPCs were evaluated in wet (or moist) and dry conditions. The porosityas assessed by the water evaporation method and helium pycnometry -as well as the morphology and phase composition -as assessed by scanning electron microscopy (SEM) and X-ray diffraction (XRD), respectively; were also evaluated and correlated to the mechanical properties.
Materials and methods
Two experimental cements, a brushite cement (Unosson and Engqvist, 2014) and an apatite cement (Ginebra et al., 2004) and two commercial cements (chronOS ™ Inject and Norian
were used in the study. chronOS ™ Inject (Synthes GmbH, Switzerland) is a biphasic cement (β-TCP granules are embedded in a brushite matrix) , and Norian s SRS s (Norian Corp., USA) is a carbonated apatite cement (Constantz et al., 1995) . At the time of testing, the available Norian s SRS s had expired (expired January 2011, tested March 2015, no unexpired cements available from the supplier). Although XRD was performed to verify the composition, this can be considered a limitation of the study. Fig. 1 presents an overview of the experimental cement preparation methods. The experimental brushite cement was prepared according to previous work (Unosson and Engqvist, 2014) . A liquidto-powder ratio of 0.22 mL/g was used in this process. The starting powder contained monocalcium phosphate monohydrate (MCPM, Scharlau, Sentmenat, Spain) and β-tricalcium phosphate (β-TCP, Sigma-Aldrich, St. Louis, MO, USA) in a 45:55 molar ratio, together with 1 wt% disodium dihydrogen pyrophosphate (SPP, Sigma-Aldrich, St. Louis, MO, USA) for control of the setting time. The particle size of MCPM was sieved to less than 75 μm. The liquid was an aqueous solution of 0.5 M citric acid (Acros Organics, New Jersey, USA). To prepare the cement paste, the starting powder and the liquid were mixed for 1 min in a Cap-Vibrator (Ivoclar Vivadent AG, Schaan, Liechtenstein) to allow for more efficient mixing of the two phases. Then the cement paste was filled into rubber moulds using a spatula in order to obtain a cylinder or a disc with the desired size (6 mm in diameter and 13 mm in height for compressive strength (CS) test, 8 mm in diameter and 3.5 mm in height for diametral tensile strength (DTS) test, 13 mm in diameter and 3 mm in height for biaxial f lexural strength (BFS) test). After the cement specimens had set at room temperature (2271 1C) for 5 min, they were immersed into phosphate buffered saline (PBS, Sigma-Aldrich, St. Louis, MO, USA, containing 0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4) in sealed plastic containers and stored at 37 1C. The specimens were removed from the moulds after 24 h and prepared for subsequent tests.
Cement preparation
For the experimental apatite cement, a liquid-to-powder ratio of 0.35 mL/g was used. The starting powder contained α-tricalcium phosphate (α-TCP) and 2 wt% of precipitated HA (Merck, Darmstadt, Germany) as a seed. The α-TCP powder was prepared by heating a mixture of monetite (CaHPO 4 , Sigma Aldrich, St. Louis, MO, USA) and calcium carbonate (CaCO 3 , Sigma Aldrich, St. Louis, MO, USA) at 1400 1C in a furnace (Hobersal, Caldes de Montbui, Spain). The samples were then quenched in air and milled twice in a planetary mill (Pulverisette 6, Fristsch GmbH, Idar-Oberstein, Germany) with an agate jar and balls to obtain a fine α-TCP powder (median particle size around 2 mm). The first milling sequence used 10 agate balls with a diameter of 30 mm at a speed of 450 rpm for 60 min. The second milling sequence used 100 agate balls with a diameter of 10 mm, using the same speed as the first sequence but for 70 min instead. The liquid used in the cement preparation was an aqueous solution consisting of 2.5 wt% sodium phosphate dibasic (Na 2 HPO 4 , Sigma Aldrich, St. Louis, MO, USA). The following cement specimen preparation was identical to the preparation of the experimental brushite cement.
The chronOS ™ Inject had a liquid-to-powder ratio of 0.315 mL/g. According to the information from the manufacturer, the starting powder consisted of 42 wt% β-TCP, 31 wt% β-TCP granules with an average diameter smaller than 0.5 mm and a theoretical density close to 75% , 21 wt% MCPM, 5 wt% magnesium hydrogen phosphate trihydrate and small amounts (o1 wt%) of sodium hydrogen pyrophosphate and magnesium sulfate (Apelt et al., 2004) . The liquid consisted of a 0.5 wt% aqueous solution of sodium hyaluronate. The preparation process of the cement was identical to the experimental brushite cement except for the setting conditions of the cement. Since the chronOS ™ Inject cement lacked sufficient cohesion to set to a solid in an aqueous solution, the specimens were, after they were left to set for 5 min in air at room temperature, placed in 100% relative humidity at 37 1C for 24 h to achieve moist specimens, rather than in PBS solution.
The Norian s SRS s had a liquid-to-powder ratio of 0.49 mL/g. According to the information from the manufacturer, the powder phase consisted of 85 wt% α-TCP, 12 wt% CaCO 3 , and 3 wt% MCPM and a Na 2 HPO 4 solution as the liquid phase. The cement preparation was the same as for the experimental cements.
Mechanical testing
The cement pastes were moulded in rubber moulds with 6 mm in diameter and 13 mm in height for CS tests. After the cements had set for 24 h, the obtained samples were polished using 800 grit SiC papers, in order to make the two ends flat and parallel and achieve a height of 12 mm according to the ASTM F451 standard for acrylic bone cements (ASTM, 2008) . The samples for DTS tests were made in rubber moulds of 8 mm in diameter and 3.5 mm in height (Materials CoD, 1977) . The samples were polished to a height of 3 mm after the cements had set for 24 h. Rubber moulds with 13 mm in diameter and 3 mm in height were used for BFS tests. The samples were polished after the cements had set for 24 h to obtain a thin circular disk of 2 mm thickness according to ASTM F 394-78 (ASTM, 1996) . Some of the samples were placed for 24 h in a vacuum chamber (290 mbar) to dry them completely. CS and DTS of samples before and after drying were measured using a universal testing machine (AGS-X, Shimadzu, Kyoto, Japan) at a cross-head speed of 1 mm/min until failure. A thin plastic film was positioned between the sample and the cross-head to distribute the load evenly. BFS was measured by a piston-on-3-ball test (ASTM Standard F394-78) (ASTM, 1996) in the same universal testing machine as the CS and DTS samples. Disc samples were centered and supported on three steel spheres with a diameter of 3.18 mm positioned 1201 apart on a circle with a diameter of 10 mm. The entire test fixture was placed in the universal testing machine. A thin plastic film was placed between the sample 
surface and the flat-ended piston (1.58 mm in diameter). Samples were tested at a cross-head speed of 1 mm/min until failure. The recorded fracture load was used to calculate the BFS using the following equation:
where P is the load at fracture (N); d is the thickness at the sample center (mm);
v is Poisson's ratio; A is the radius of support circle (mm); B is the radius of loaded area (mm); and C is the sample radius (mm). For this study, a Poisson's ratio of 0.27 was used for all cement types (Dorozhkin, 2010) . For each type of mechanical test, ten or six samples per group were tested for experimental and commercially available cements, respectively.
Porosity
To calculate the porosity two different methods were used, water evaporation (Engstrand Unosson et al., 2015) and helium pycnometry. Helium pycnometry is a common method to measure the skeletal density of CPCs, afterwards, the porosity is calculated using the skeletal density and the apparent density that is obtained from Archimedes' principle. But the water evaporation method is less time consuming, it does not need any specific equipment and is cheaper when assessing the porosity of many specimens (Engstrand Unosson et al., 2015) . Its validity for use with CPCs was hence further confirmed in the current study, by using both methods. The apparent volume (V a ) of the samples was measured using Archimedes' principle in double distilled water at room temperature by utilizing a balance (NewClassic MF ML 104, Mettler Toledo AB, 0.1 mg, Greifensee, Switzerland) combined with a density kit (ML-DNY-43, Mettler-Toledo AB, Greifensee, Switzerland). After wet cements had been dried for 24 h in a vacuum chamber, the weight of the dry samples (m d ) was measured and the apparent density (ρ a ) was calculated according to
For the water evaporation method, the weight of 6 samples (6 mm in diameter, 12 mm in height) before drying was measured right after polishing. Water absorbed on the surface of the wet (or moist) samples was removed by moist Kimwipes s tissue paper before weighing. The water content in the samples was the difference between the weight before and after drying, afterwards, the volume of the evaporated water (V w ) was calculated from the division of the water content with the density of water. The porosity (∅ w ) measured by water evaporation was calculated according to
For the helium pycnometry method, the skeletal density (ρ s ) of the samples was evaluated using helium pycnometry (AccuPyc 1340, Micromeritics, Norcross, GA, USA, maximum pressure of 19.5 Psi, chamber size of 1 cm 3 ) with 20 purges and 10 runs. Six samples (6 mm in diameter, 12 mm in height) of each CPC after drying were ground and homogenized before the measurement. The porosity (∅ h ) was calculated using the skeletal density and the apparent density (ρ a ) according to
Microstructure
The microstructure of fractured surfaces of dry samples was analyzed using scanning electron microscopy (SEM, LEO 1550, Zeiss, Oberkochen, Germany) operated at an accelerating voltage of 6.00 kV. Three samples per group were evaluated with SEM. The samples were sputtered with a thin gold coating for 30 s before analysis. The scanning was performed at 6 kV with an in-lens detector.
Phase composition
To verify the phase composition, starting powders and hardened samples were analyzed with XRD. Samples from porosity measurements were thoroughly ground to a fine powder before XRD analysis. The XRD analysis was performed with a D8 Advance (Bruker AXS GmbH, Karlsruhe, Germany) in a theta-theta setup with Cu-Kα irradiation, nickel filter and using a beam knife. Diffraction patterns were collected between angles (2θ) of 5-601, in steps of 0.021 with 0.25 s per step and using a rotation speed of 80 rpm. Quantitative phase composition analysis was done by Rietveld refinement with BGMN software (www.bgmn.de) (Taut et al., 1998; Bergmann et al., 1998) with Profex (http://profex. doebelin.org) (Doebelin and Kleeberg, 2015) as user interface. The reported result was the mean of three measurements with the repeatability taken as 2.77 Â standard deviation according to ASTM E177-14 (ASTM, 2014). The structures used for the refinement were: β-TCP from PDF# 04-008-8714 (Dickens et al., 1974) , β-calcium pyrophosphate (β-CPP) from PDF# 04-009-3876 (Boudin et al., 1993) , monetite from PDF# 04-009-3755 (Dickens et al., 1971) , MCPM from PDF# 04-011-3010 (Schroeder et al., 1975) , brushite from PDF# 04-013-3344 (Curry and Jones, 1971) , α-TCP from PDF# 04-010-4348 (Mathew et al., 1977) , HA from PDF# 01-074-0565 (Sudarsanan and Young, 1969) , calcite (CaCO 3 ) from PDF# 04-008-0788 (Maslen et al., 1993) , newberyite (MgHPO 4 Á 3H 2 O) from PDF# 04-010-2902 (Abbona et al., 1979) , magnesium sulfate (β-MgSO 4 ) from PDF# 04-014-7920 (Weil, 2007 
Results

Mechanical properties
The mechanical properties of cements before and after drying for 24 h in vacuum chamber are presented in Fig. 2 smaller difference (1.6 times). After drying, the experimental cements were still significantly stronger than commercial cements (po0.001). The DTS and BFS of the four types of cements showed similar trends as the CS (Fig. 2b and c) 
Porosity
The porosity of the cements is shown in Table 1 . The results for the two experimental cements calculated by the water evaporation method were similar to the values obtained by helium pycnometry (p40.05). The results for the commercially available cements were however statistically different (po0.05). The experimental brushite cement had the lowest porosity, at 11-12%, while the values of the other three cement types were all between 30% and 45%. However, the specimens of chronOS ™ Inject cement were stored in 100% relative humid atmosphere, instead of aqueous solution, since pre-study specimens set in solution became too weak for normal handling. Therefore, not all pores could be considered water-filled for the porosity measurements of chronOS ™ Inject using the water evaporation method, likely causing an error in the values. This is a limitation to the study.
Microstructure
The fractured surfaces' microstructures were assessed by SEM (Fig. 3 ). Many pores with sizes less than 30 mm in diameter appeared evenly distributed inside a homogeneous microstructure in the experimental brushite cement (Fig. 3a) . This was in contrast to the chronOS ™ Inject cement, which had some larger irregular pores with varying dimensions and some β-TCP granules with a size more than 100 mm in diameter, as illustrated by the white spheres embedded in the matrix in Fig. 3b . In the two apatite specimens ( Fig. 3c and d ), large pores were rarely found. The experimental apatite cement exhibited a similar microstructure to Norian s SRS s cement with a dense matrix and a regular microporous surface.
Phase composition
As shown in Fig. 4a and Fig. 5a , no unreacted MCPM was present in the experimental brushite cement while some β-CPP (770.6 wt%) and β-TCP (7.470.7 wt%) remained unreacted, and 81.871.3 wt% brushite and 3.870.4 wt% monetite appeared. The composition of the cement was similar to that found in a previous study (β-CPP: 5 wt%, β-TCP: 11 wt%, brushite: 78 wt%, monetite: 5 wt%) (Unosson and Engqvist, 2014) . According to the XRD patterns (Fig. 4b) and the phase composition calculated from Rietveld refinement (Fig. 5b) , the starting powder of chronOS ™ Inject j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 6 0 ( 2 0 1 6 ) 6 1 7 -6 2 7 contained 71.170.7 wt% ß-TCP, 18.770.5 wt% MCPM, (Constantz et al., 1995) ( Fig. 4d and Fig. 5d) 
Discussion
In this study, two experimental CPCs and two commercial CPCs were evaluated in terms of their wet (or moist) and dry mechanical properties, porosity and microstructure. Previously reported wet CS results (Unosson and Engqvist, 2014; Ginebra et al., 2004; Gisep et al., 2006) of the experimental brushite cement (about 70 MPa), chronOS ™ Inject cement (about 4 MPa) and the experimental apatite cement (about 40 MPa) were similar to the results found in this study. While the CS for Norian s SRS s cement (26.575.3 MPa), was lower than the reported ultimate value (55 MPa) (Constantz et al., 1995) , and lower than the value reported when prepared by a Rotary Mixer (46.6 MPa) (Jacobson, 2012) , it was similar to the current study, when mixed by hand with a spatula (24.7 MPa) (Jacobson, 2012) . The machine used (CapVibrator) for mixing the powder with the liquid in this study might hence be less effective than the Rotary Mixer in achieving a homogeneous paste, with less air bubbles. Additionally, the phase composition of the starting powder of Norian s SRS s showed more CaCO 3 (23.671.8 wt%) than the manufacturer's provided data (12 wt% CaCO 3 ) (Constantz , 1995) , and the cement had expired 50 months earlier.
The CS of CPCs has previously been found to decrease with increased amounts of CaCO 3 (Sariibrahimoglu et al., 2012) . However, no previous evaluation of the phase composition of Norian s SRS s could be found in the literature. Although the chronOS ™ Inject showed a similar CS (3.070.6 MPa) to the previously reported value of 4 MPa, all the mechanical testing results for this cement were acquired from specimens stored in 100% relative humid atmosphere as opposed to truly wet specimens, having been immersed in an aqueous solution (storing them wet was not possible due to the low cohesion of the cement). These moist specimens presented a higher mechanical strength than wet specimens would have done, and is a limitation of the present study. However, similarly to the Norian s SRS s starting powder, the phase composition of chronOS ™ Inject starting powder was slightly different to that reported by the manufacturer, with some monetite appearing in the starting powder, which decreased the reaction ratio and the mechanical strength of the set cement. Due to their characteristic sensitivity to stress risers under tension, the compressive strength of CPCs is always higher than their tensile strength. Since it is difficult to measure the tensile strength of CPCs directly, indirect test methods have been used, such as DTS and BFS. The wet DTS of the experimental brushite cement (10.070.8 MPa) was very close to previously published data (10.270.8 MPa) (Unosson and Engqvist, 2014) . The tensile strength (about 2.1 MPa) (Constantz et al., 1995) and f lexural strength (about 0.5 MPa in 3-and 4-point bending) (Morgan DNY et al., 1997) have been reported for Norian s SRS s cement before. There are several methods to evaluate the f lexural strength of ceramic materials, including piston-on-3-ball (BFS), 3-and 4-point bending (ASTM, 2003 and Ginebra et al., 2001) . The piston-on-3-ball test is less sensitive to surface flaws than 3-and 4-point bending and tends to result in higher values than 3-point and 4-point bending (Morgan DNY et al., 1997) . The authors could not identify any previous study on BFS for any of the four types of cements. However, DTS and BFS of other CPCs have been reported previously. Bermúdez et al. (1993) reported, in 1993, DTS tests of more than twenty types of CPCs developed around the world and found a maximum value of 2.8 MPa. Maenz et al. (2014) formed a brushite cement with 1.370.2 MPa in DTS and 6.970.8 MPa in BFS. An apatite cement with 10.271.7 MPa in DTS was formed by Takechi et al. (2004) by reaction of a mixture of tetracalcium phosphate and dicalcium phosphate anhydrous in 100% relative humidity. The two experimental cements had better mechanical properties in all three types of mechanical tests than the two commercial cements. The experimental brushite j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 6 0 ( 2 0 1 6 ) 6 1 7 -6 2 7 cements showed significantly higher values than the other cements in the three types of mechanical tests when the specimens were tested before drying (po0.05). However, there was no significant difference between the strengths of two experimental cements after drying (p40.05). During setting of the brushite cement, the citric acid in the solution can reduce the pH value, increase the solubility of the starting powder and hence lead to a higher conversion into brushite (Fig. 5a) . Hence, the crystal size and microstructure of the brushite become more homogeneous (Fig. 3a) after hardening, which could be beneficial to the mechanical properties of the cement. The citric acid also permits the usage of a lower L/P ratio, which contributes to the low porosity (Table 1) , which is very beneficial for the mechanical strength. As shown in Fig. 3b , the chronOS ™ Inject cement was biphasic and consisted of large granules of β-TCP (white spheres) in a matrix, and large uneven pores caused a high porosity which might be the main reasons for the poor mechanical properties of this type of cement. Even though the porosity of the experimental apatite cement resembled that of the Norian s SRS s cement (Table 1) , the mechanical strength of Norian s SRS s cement was significantly lower than the experimental apatite cement (po0.05). As shown in Fig. 3c , small crystals filled most of the space in the experimental apatite cement. Small fractions of cavities between crystals and unreacted α-TCP particles, which would increase the porosity (Table 1) and weaken the cement, appeared. However, in agreement with previous studies (Ginebra et al., 2004) , due to the high specific surface area of the starting powder and the small particle size, the fast setting to form HA and the high conversion rate (more than 90%) to HA (Fig. 5c ) resulted in a compact network and a higher mechanical strength. Additionally, the composition of Norian s SRS s starting powder in this study (Fig. 5d ) was different to the information obtained from the manufacturer, which may have affected the mechanical properties of cement. Moreover, some CaCO 3 was still unreacted after setting. Ceramic bone cements are generally indicated as bone void fillers and are contra-indicated for load-bearing applications. However, if mechanical properties similar to the surrounding bone could be achieved, they could be adequate for use in certain, well-defined cases. The compressive strength and tensile strength (as measured in a uniaxial tensile test) of human trabecular bone has been reported to lie between 0.1-14 MPa and 1.3-3.5 MPa, respectively (Nazarian et al., 2008; Kopperdahl and Keaveny, 1998) . This suggests that the experimental cements, presenting values at least the double of these in the wet condition, have the potential for use in certain load-bearing situations. Norian s SRS s also showed a higher compressive strength than trabecular bone, but its DTS was similar to the maximum tensile strength of bone. This latter one was measured in a uniaxial tensile test, which tends to give lower values than a DTS test, suggesting that the tensile strength of Norian s SRS s may not reach that of trabecular bone. Again, using an optimal mixing method could have changed this conclusion. Finally, the mechanical properties of chronOS ™ Inject, being in the lower range of trabecular bone, would severely restrict its possibilities for use in any load-bearing application. Mechanical properties of dry CPCs have previously been reported to be higher than for wet specimens in similar conditions (Zhang et al., 2014; Pittet and Lemaître, 2000; Barralet et al., 2003) . As shown in Fig. 2 , the mechanical strength for some CPCs increased after drying, but not for Norian s SRS s cement. Also, only chronOS ™ Inject cement and the experimental apatite cement showed statistically significant differences for the three types of mechanical properties before and after drying. For chronOS ™ Inject cement, the increase was especially prominent, with all three types of mechanical properties after drying increasing with a factor of at least 4. Interestingly, there was no statistically significant difference (p40.05) for any of the three mechanical properties of Norian s SRS s cements before and after drying. Whereas this suggests that previously reported data for the dry mechanical properties of Norian s SRS s could potentially also be used as an approximate representation of the wet properties of the cement, it is not clear whether or not this similarity would be of importance to the clinical application, where the cement is always in a wet environment once implanted.
Conclusions
In this study, it was found that novel, high-strength experimental brushite cement and a fast setting experimental apatite cement showed higher CS, DTS and BFS than two commercially available cements (chronOS ™ Inject, brushite based, and Norian s SRS s , apatite based), and also higher strengths than human trabecular bone. The experimental brushite cement displayed a consistently high strength and the lowest porosity among the cements. Dry CPCs have previously been found to display a higher strength than wet (or moist) CPCs under the same loading conditions. While this was indeed the case for chronOS ™ Inject and the experimental cements, none of the three mechanical test results of Norian s SRS s cement changed significantly after drying. The results of this study support further development of the experimental CPCs towards clinical application.
